Dimethylsulfoniopropionate (DMSP) is a climatologically important sulfur compound synthesized by phytoplankton (Charlson et al., 1987; Andreae, 1990) . The many roles of metazoan grazers in DMSP dynamics have been studied, such as consuming DMSP producers or micrograzers (Kwint et al., 1996b; Levasseur et al., 1996; Tang et al., 1999) , promoting the release of dissolved DMSP (Dacey and Wakeham, 1986; Tang et al., 2000a) and mediating vertical DMSP fluxes (Daly and DiTullio, 1996; Kwint et al., 1996a; Tang, 2000) . Although fecal pellet production by grazers is known to play an important role in material fluxes in the ocean (Turner and Ferrante, 1979; Small et al., 1987; Noji, 1991) , its role in DMSP dynamics is less well understood. Very few studies have attempted to measure the DMSP content of grazers' fecal material. Kwint et al., in perhaps the first study to quantify DMSP in copepod fecal pellets, concluded that the most important effect of copepod grazing is the repackaging of phytoplankton DMSP into fecal pellets (Kwint et al., 1996a) . They also estimated that sinking fecal pellets represent up to 10% loss of DMSP production from the surface water. Therefore, defecation is hypothesized to be an important factor when considering how copepods affect DMSP fluxes in the ocean. Unfortunately, direct measurement of in situ defecation rate is very difficult; it is, therefore, desirable to estimate this rate from other parameters that can easily be measured. In the experiments by Kwint et al., fecal pellets were produced by the copepod Eurytemora affinis under a saturating concentration of the diatom Phaeodactylum tricornutum (Kwint et al., 1996a) . Since copepod fecal pellet characteristics vary with food concentrations (Butler and Dam, 1994) and food types (Feinberg and Dam, 1998) , there is a need to determine the DMSP content of fecal pellets under different diet conditions. In the present study, the defecation rate of Acartia tonsa (Copepoda, Calanoida) feeding on Tetraselmis impellucida PLY429 (Prasinophyceae) was measured over a range of food concentrations. The goal is to derive quantitative relationships between DMSP defecation rate, ambient particulate DMSP concentration and body DMSP content of the copepods, since the latter two parameters can easily be measured in field studies. The implications of the findings on DMSP dynamics will be discussed.
Copepods were collected from Long Island Sound (41º18Ј26ЉN, 72º03Ј27ЉW). Individuals of A. tonsa (CV-adult female) were sorted out for acclimation before experiments. The food T. impellucida (equivalent spherical diameter ~13 µm) was grown in f/2 medium (salinity 30‰, temperature 20°C, 12 h light:12 h dark). Aliquots of the culture were added to 1 l polycarbonate bottles with 30‰ sterile artificial sea water (ASW) to make up five nominal food concentrations: 0.2, 0.5, 1, 2 and 4 ϫ 10 4 cells ml -1 .
Twenty-five copepods were transferred into each bottle and all bottles were fastened to a spinning plankton wheel (2 r.p.m.). After 24 h of acclimation, copepods from each bottle were transferred to a 1 l bottle with freshly prepared food medium of the same nominal food concentration. The actual food concentrations were determined with an Elzone 280PC particle counter, and aliquots of the highest food concentration were taken for determination of cellular DMSP content. All bottles were fastened to the spinning plankton wheel. After another 24 h, the contents of the bottles were gently poured through two in-line filtering funnels. The upper funnel was mounted with a 200 µm sieve to collect the copepods, and the lower funnel with a 30 µm sieve to collect the fecal pellets. The lower sieve was always submerged to minimize damage to the fecal pellets during filtration. Materials collected on both sieves were then gently rinsed with ASW into Petri dishes. Copepods recovered from the upper sieve were transferred to serum vials for measurement of body DMSP content. All fecal pellets recovered from the lower sieve were separated from other detritus with a mouth micropipette, briefly rinsed in ASW, and concentrated onto a GF/F filter paper by gravity filtration. All samples were stored at -70°C until DMSP measurement. DMSP was measured according to Kiene and Service (Kiene and Service, 1991) and Tang et al. (Tang et al., 1999) .
The body DMSP content of A. tonsa (DMSP b ) and the daily amount of defecated DMSP (DMSP p ) were on average two orders of magnitude lower than the food concentration (DMSP f ) (Figure 1a -c). DMSP p is correlated with both DMSP f and DMSP b , and statistically significant linear relationships are derived among the three variables (Table I) . The linear equations provide a convenient tool to estimate DMSP p from DMSP f and DMSP b , with an explained variance of~40%. Nevertheless, the use of DMSP b is preferred because in the present study DMSP f is mostly higher than the global average particulate DMSP concentration (Kettle et al., 1999) , while DMSP b is within the range of what is naturally observed for A. tonsa (Tang et al., 1999 (Tang et al., , 2000b . The DMSP content of the fecal material appeared to be quite variable, which is not uncommon for other chemical moieties in copepod fecal pellets (Urban-Rich et al., 1998) . Application of the equations should be avoided for extremely low x-values because the y-intercepts are close to the theoretical detection limits. Application of the regression equations will be broadened with improved sensitivity of DMSP detection methods. Since, in the present study, DMSP b was measured prior to gut clearance, and since A. tonsa assimilates very little DMSP (Tang, 2000) , DMSP b represents mostly DMSP retained in the gut. The slope ∆DMSP b /∆DMSP f of the regression line (Figure 1a ) therefore represents the equivalent volume of food medium retained inside the copepod's gut at the end of the incubation period, or 0.004 ml copepod -1 in the present case (Table I ). The average gut passage time (GT) for copepods at the experimental temperature (20°C) is 20 min (Dam and Peterson, 1988) ; thus, the apparent daily clearance rate can be estimated as: 1/GT ϫ ∆DMSP b /∆DMSP f = 0.3 ml copepod -1 day -1 . This value is lower than other clearance rates reported for A. tonsa (Dam et al., 1994) , suggesting that the copepods were not feeding at the optimal rate in this study. Although the actual number of fecal pellets was not recorded during these experiments, a preliminary experiment showed that A. tonsa feeding on 1.5 ϫ 10 4 ml -1 of T. impellucida produced ~30 pellets individual -1 day -1 . This fecal pellet production rate, albeit low, is not atypical for A. tonsa feeding on flagellates (S. Besiktepe and H. G. Dam, submitted) , and confirmed that indeed A. tonsa was actively feeding on T. impellucida. Microscopic observations during the experiments also showed that the copepod's gut was not entirely Table I. filled, but contained discrete 'blocks' of fecal material, which indicates intermittent feeding (Kleppel et al., 1988) .
Since DMSP p was collected after the 24 h incubation, it represents not the total DMSP in freshly produced pellets, but the amount of DMSP that remained in the pellets at the end of the incubation. Dissolved organic materials in the fecal pellets could have been lost through diffusion across the peritrophic membrane (Jumars et al., 1989; Urban-Rich, 1999) . In the present study, DMSP p averages 1.3 ϫ 10 -12 mol copepod -1 day -1 . If one assumes a maximum pellet production rate of 40 copepod -1 day -1 on a flagellate diet (S. Besiktepe and H. G. Dam, submitted) , the DMSP content of the pellets after 24 h will be 3.3 ϫ 10 -14 mol pellet -1 . Given a pellet volume of 1.88 ϫ 10 -10 l for A. tonsa feeding on Tetraselmis sp. (Feinberg and Dam, 1998) , the DMSP concentration within the pellet is estimated to be 3.3 ϫ 10 -14 /1.88 ϫ 10 -10 mol l -1 , or 170 µM. The DMSP concentration of freshly produced pellets is thus expected to be higher. In the study by Kwint et al. (Kwint et al., 1996a) , the estimated concentrations of DMSP within the pellets were even higher, ranging from 33 mM on day 0 to 5.3 mM after 14 days (Table II) . Since the concentration of dissolved DMSP in global oceans is of the order of nanomolar (Kettle et al., 1999) , copepod fecal pellets represent a highly concentrated source of DMSP relative to the surrounding sea water. Unlike phytoplankton cells or copepod body tissues, fecal pellets lack an active mechanism to retain DMSP; therefore, the sharp concentration gradient will drive dissolved DMSP to diffuse out of the pellets. It has been observed that copepod grazing leads to an increase in dissolved DMS(P) (Dacey and Wakeham, 1986; Kwint et al., 1996a) , which is often misinterpreted as being a result of 'sloppy feeding' [discussed in Tang et al. (Tang et al., 2000a) ]. The present analysis shows that diffusive loss from fecal pellets could also contribute to the increase in dissolved DMSP associated with grazing. A field study has also shown that detrital material such as fecal pellets can be an important source of dissolved DMSP (Belviso et al., 1993) .
Another mechanism that can lead to a loss of DMSP from fecal pellets is consumption by bacteria. Copepod fecal pellets are often colonized by bacteria (Delille and Razouls, 1994; Hansen and Bech, 1996) that can utilize a variety of substrates (Delille and Razouls, 1994) , including DMSP (Tang et al., 2001) . It has been shown that dissolved DMSP in natural sea water is rapidly consumed by bacteria (Kiene and Service, 1991; Kiene, 1992; Dacey, 1994, 1996) and that particle-attached bacteria play an active role in biogeochemical reactions in the water column (Karner and Herndl, 1992; Smith et al., 1992) . Since copepod fecal pellets contain much more concentrated DMSP than the surrounding sea water, they may act as 'hot spots' for microbial DMSP consumption in the water column (Tang et al., 2001 ). In the study by Kwint et al. , the DMSP content of the copepod fecal pellets decreased by 30% within the first 24 h, but no concurrent increase in dissolved DMSP was observed (Kwint et al., 1996a) . Their observations also suggest a rapid microbial turnover of DMSP within the fecal material.
To estimate the DMSP flux associated with fecal pellets, one needs to know the defecation rate, the DMSP turnover rate within the pellets, and the fecal pellet sinking rate. In the present study, DMSP p correlated equally well with DMSP b (r 2 = 0.39) and DMSP f (r 2 = 0.41). Therefore, the regression equations in Table I provide a tool to estimate the daily defecation rate from ambient food concentration and body DMSP content of the copepods when direct measurement of defecation is not possible. Note that DMSP p was the amount of DMSP that persisted in the fecal pellets after a maximum of 24 h. Fecal pellets produced by A. tonsa feeding on Tetraselmis sp. have an average sinking rate of 20 m day -1 (Feinberg and Dam, 1998) . Therefore, the measured DMSP p represents a maximum net transport of defecated DMSP to a depth of 20 m. In a shallow water body like Long Island Sound (average depth = 20 m), or a water column with a shallow pycnocline, DMSP p represents a loss of particulate DMSP from the surface layer through fecal pellet flux. How important is this mechanism as a loss of particulate DMSP in the ocean? The slope ∆DMSP p /∆DMSP f is equal to 0.4 µl copepod -1 day -1 (Table I) removed by a single copepod through fecal pellet production per day. Even with a population density of 10 copepods l -1 , the net flux of particulate DMSP through copepod defecation will still be a negligible 4 µl l -1 day -1 . This is consistent with the observations in the Southern Ocean, where little DMSP reached the deep water even though krill, the dominant grazers, produced DMSPcontaining fecal pellets (Daly and DiTullio, 1996) . If one divides the slope ∆DMSP p /∆DMSP f by the estimated clearance rate (0.3 ml copepod -1 day -1 ), one obtains 0.1%, i.e. the percentage of ingested DMSP lost as exported fecal material. This estimate is much lower than the 10-50% from Kwint et al. (Kwint et al., 1996a) . In a previous study, it has been estimated that A. tonsa removes on average 96% of ingested DMSP as fecal material (Tang, 2000) . In the present study, DMSP p accounts for only 5.4% of DMSP b (Table I) ; therefore, 95% of the DMSP in freshly produced fecal pellets could have been lost through diffusion and microbial consumption within the first 24 h. This is also higher than the 30% estimated by Kwint et al. (Kwint et al., 1996a) , but comparable to the rate at which dissolved organic carbon leaches from copepod fecal pellets (Urban-Rich, 1999) . Therefore, the discrepancy between Kwint et al. (Kwint et al., 1996a ) and the present study perhaps reflects a difference in the fecal materials as a result of the different copepod species, diets and food concentrations used. Table II compares the present results with those of Kwint et al. (Kwint et al., 1996a) . Clearly, the fate of the fecal materials (export versus remineralization) will depend on the physical (sinking rate, diffusion rate) and biological (microbial activities) characteristics of the fecal pellets, which in turn are determined by speciesspecific pairing of the copepods and their food [e.g. (Butler and Dam, 1994; Feinberg and Dam, 1998) ]. Nevertheless, a common finding between the two studies is that copepod fecal pellets represent a highly concentrated source of DMSP. Thus, an important parameter to characterize how copepods affect DMSP dynamics in the ocean is the defecation rate, which, as shown in this study, could be estimated from ambient food concentration or their body DMSP content. Kwint et al. (Kwint et al., 1996a) and the present study Kwint et al. (1996a) 
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